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1. Introduction 

Titanium alloys are of interest for ballistic armor systems because of their battlefield benefits.  
Titanium alloys are highly corrosion resistant, about 60% density of steel, readily machinable, 
and are joinable (1).  Over many years, various titanium alloys have been tested for their ballistic 
performance.  The U.S. Army has chosen the titanium alloy Ti-6Al-4V for structural and 
appliqué armor, and it is the Army’s baseline for evaluating the performance of similar armor 
systems (2).   

This study evaluated the ballistic performance of a Russian titanium alloy compared to the 
baseline Ti-6Al-4V alloy.  If the performance difference is greatly in favor of the Russian alloys, 
then possible modifications in the baseline armor may have to be considered. 
 

2. Background 

Titanium can exist in a hexagonal closely packed crystal structure (known as the alpha phase) 
and a body-centered cubic structure (known as the beta phase).  In unalloyed titanium, the alpha 
phase is stable at all temperatures as high as 883° C, where it transforms to the beta phase.  This 
transformation temperature is known as the beta transus temperature.  The beta phase is stable 
from 883° C to the melting point.  As alloying elements are added to pure titanium, the phase 
transformation temperature and the amount of each phase change.  Alloy additions to titanium, 
except tin and zirconium, tend to stabilize either the alpha or beta phase. Ti-6Al-4V, the most 
common titanium alloy, contains mixtures of alpha and beta phases and is therefore classified as 
an alpha-beta alloy.  The aluminum is an alpha stabilizer, which stabilizes the alpha phase to 
higher temperatures; vanadium is a beta stabilizer, which stabilizes the beta phase to lower 
temperatures.  The addition of these alloying elements raises the beta transus temperature to 
approximately 996° C.  Alpha-beta alloys, such as Ti-6Al-4V, are of primary interest for armor 
applications because they are generally weldable, can be heat treated, and offer moderate to high 
strength.  Table 1 shows the titanium alloy specifications for both the Ti-6Al-4V and Russian 
titanium alloys chemistry composition, while table 2 shows the minimum mechanical properties 
of the Ti-6Al-4V (1, 3, 4). 
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Table 1. Chemical compositions of Ti-6Al-4V and 
Russian titanium alloy. 

Titanium Alloys  
Wt. % Ti-6Al-4V Russian Titanium 
Al 5.5 to 6.5 2.99 
Sn … 0.07 
Zr … 0.341 
Mo … 0.391 
V 3.5 to 4.5 5.18 
Cr … 3.63 
Ni … 0.02 
B … 58 ppm 
N 0.02 0.01 
C 0.04 max 0.013 
H 0.0125 … 
Fe 0.25 0.44 
O 0.14 0.124 
Y … 0 

Table 2.  Tensile mechanical properties and densities of Ti-6Al-4V and Russian titanium alloy. 

 
Titanium Alloy 

Tensile Strength 
(min) (MPa) 

0.2% Yield Strength 
(min) (MPa) 

Elongation 
(%) 

Reduction  
in Area 

(%) 

Density 
(g/cc) 

Ti-6Al-4V 896 827 14 30 4.43 

Russian titanium * * * * 4.62 
*not measured; insufficient quantity of specimen available 
 
 

3. Results and Discussion 

3.1 Ballistic Properties 

Ballistic testing was performed on the baseline and Russian titanium alloy with 0.30-caliber 
armor-piercing (AP) M2 projectiles.  The 0.30-caliber projectile is shown in figure 1.  The 
specification data for this projectile are shown in table 3 (5).  The target plate was positioned 
normal (0 degree obliquity) to the projectile’s path of flight at impact for each test.   

Each plate was shot with .30-caliber AP M2 projectiles, and orthogonal flash radiographs (6) 
were used to measure the striking velocities, pitch, and yaw of the projectiles.  Residual x-rays 
were used in place of the 0.51-mm (.020-inch) 2024-T3 aluminum witness plate to determine 
when a complete perforation (CP) occurred.  If penetrator or target material broke a paper break 
screen behind the target and an image appeared in the radiographs, then the shot was classified as 
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a CP.  In addition, residual x-rays provide the velocity, as well as an estimate of size and mass of 
the material ejected from the rear surface of the target plate.  The V50 ballistic limit and sample 
standard deviation were calculated in accordance with the U.S. Department of Defense MIL-
STD-662E (7). 

The Ti-6Al-4V plate was manufactured by TIMET, a titanium metals corporation in Henderson, 
Nevada, and was marked test J3858.  The Russian titanium alloy plate was marked 
VST3553+0.6 Zr and was 0.09 mm thicker than the Ti-6Al-4V plate.  The Brinell hardness 
number (BHN) was measured on site.  Ballistic test results are summarized in table 4.  Detailed 
ballistic data are provided in appendix A. 

 

Figure 1. 0.30-cal AP M2 projectile dimensions. 

Table 3.  0.30-cal AP M2 projectile specifications. 

Projectile Jacket Core/Penetrator  
Projectile 
Type 

Length 
(mm) 

Dia. 
(mm) 

Weight 
(g) 

Material 
 

Weight 
(g) 

Material Length 
(mm) 

Dia. 
(mm) 

Weight 
(g) 

AP M2 34.75 7.85 10.76 GM* 4.21 Steel 
PB** 

27.43 
-- 

6.17 
-- 

5.25 
1.30 

*GM = guilded metal 
**PB = lead 
 

Table 4.  Ballistic results of Ti-6Al-4V and Russian titanium alloy versus 0.30-cal AP M2. 

Titanium Alloy 
 

 
Thickness 

(mm) 

 
Hardness 

(BHN) 

 
Test V50 

(m/s) 

Standard 
Deviation 

(m/s) 

Required V50  from 
MIL-DTL-46077F (6) 

(m/s) 
Ti-6Al-4V* 12.83 332 633 7 636 
Russian Titanium 13.72 387 622 7 666 

     *baseline 
 
The thickness of the plates was normalized with the MIL-DTL-46077F V50 ballistic acceptance 
chart for Ti-6Al-4V alloy (8).  Table 4 and figure 2 list and show the minimum required ballistic 
limit based on the thickness of each plate.  Although both plates were below the minimum 
required V50, the Russian titanium alloy was 7% lower, while the Ti-6Al-4V was 0.5% lower, 
based on normalization by the thickness. 
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Photographs of the front and back surfaces of the Ti-6Al-4V and Russian titanium alloy are 
shown in figures 3 and 4, respectively.  The baseline Ti-6Al-4V alloy had a 2% higher V50 with a 
standard deviation equivalent to the Russian titanium alloy for these tests; therefore, Ti-6Al-4V 
outperformed the Russian titanium alloy. 

Minimum Required V50 Ballistic Limits (Protection Criteria)
Titanium Alloys: Ti-6AL-4V vs. Russian titanium 
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Figure 2.  0.30-cal AP M2 projectile dimensions. 

4. Summary and Conclusions 

Ballistic testing was performed on a Russian titanium alloy and the results were compared to the 
performance for baseline Ti-6Al-4V.  The results of the ballistic results may be summarized as 
follows: 

• The Russian titanium alloy was slightly harder, based on the measured BHN. 

• The V50 ballistic limit of the Russian titanium alloy was significantly lower (7% lower) 
than the expected performance of Ti-6Al-4V alloy when the results were normalized for 
the different thickness. 
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• The Russian titanium was 4% heavier than Ti-6Al-4V based on measured density. 

• The Ti-6Al-4V outperformed the Russian titanium alloy based on ballistic test results. 

• Both materials appeared to have multiple hit capabilities. 

Based on these results for monolithic armor, no clear ballistic performance advantage would be 
achieved if the Russian titanium alloy were used against 0.30-cal AP M2 threats.  Available data 
were insufficient to determine how the Russian alloy would have performed as part of a system 
or at obliquity. 

 
a. front 

 

 
b.  rear 

Figure 3.  Photographs of 12.83-mm (0.51-in.) Ti-6Al-4V plate after ballistic testing. 
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a.  front 

 
 

 
b.  rear 

Figure 4. Photographs of 13.72-mm (0.54-in.) Russian titanium alloy plate 
after ballistic testing. 
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Appendix A.  Ballistic Test Data 

Table A-1.  Ti-6Al-4V baseline. 

Target: Titanium (Ti-6-4)    Date: 11-Sep-03  
Plate #: J 3858     Location: EF106  
Thickness: 12.83mm (.505")        
          
          
Hardness: 332 BHN        
          
Obliquity: 0 degrees        
          
Projectile: .30 cal AP M2        
          
V50: 633 m/s # shots: 9      
Std Dev: 7 m/s Spread: 14 m/s     
          
          

Striking Pitch Yaw Result Used LOS 
Bulg
e Residual Comments Shot

Velocity    for V50 Pen  Velocity  # 
(m/s) (deg) (deg) (PP/CP)  (mm) (mm) (m/s)   
          
582 0.25 -3.00 PP No 12 2 -- Slight crack 247 
655 -1.25 0.50 CP No -- -- -- Spall hinged open 11mm 248 
613 1.50 -0.75 PP No PIP 3 -- Cracked 249 
615 -1.50 0.50 PP No 14 3 -- Star-shaped crack 250 
642 -0.75 -1.00 PP No PIP -- -- Film disposed 251 
629 0.00 -1.50 CP Yes PIP -- -- SV=120m/s; 5.08mm thick 252 
638 -1.25 -1.25 PP Yes PIP 4 -- Cracked 253 
640 -1.00 -0.50 CP Yes PIP -- -- SV=72m/s; 7x5x2mm thick 254 
626 0.50 -0.75 PP Yes PIP 4 -- Star-shaped crack 255 
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Table A-2.  Russian titanium alloy. 

Target: Russian Titanium Alloy    Date: 11-Sep-03  
Plate #: 4145      Location: EF106  
 (VST 3553+.6Zr)       
Thickness: 13.72mm (0.54")        
          
          
Hardness: 387 BHN        
          
Obliquity: 0 degrees        
          
Projectile: .30 cal AP M2        
          
V50: 622 m/s # shots: 4      
Std Dev: 7  Spread: 16 m/s     
          
          
Striking Pitch Yaw Result Used LOS Bulge Residual Comments Shot
Velocity    for V50 Pen  Velocity  # 
(m/s) (deg) (deg) (PP/CP)  (mm) (mm) (m/s)   
          
658 0 -0.2 PP No -- 0.6 73 Spall 267 
633 -0.25 0.00 CP Yes PIP 4 -- Star-shaped  crack 268 
611 -0.50 -0.75 PP No 15 2 -- Cracked 269 
619 0.25 -0.50 PP Yes 14 0.2 -- Cracked 270 
620 0.00 -1.00 CP Yes PIP 3 -- 3/5 diam. plug off plate 271 
617 0.00 -0.50 PP Yes PIP 2 -- Cracked 272 
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List of Definitions and Abbreviations 

Bulge Plastic movement of back of plate without cracking 

CP Complete penetration; penetrator/target material exits rear surface of target. 

LOS Pen Line-of-sight penetration depth. 

PIP  Penetrator in plate; penetrator lodged in impact crater. 

Pitch Attitude of projectile in the vertical direction. 

PP Partial penetration; the penetrator is defeated by the target. 

Plug Target material ejected off rear of the plate. 

Residual velocity Velocity out of back of plate. 

Result  Result of shot; CP or PP. 

Spall Solid phase shear deformation. 

SV Spall velocity. 

Striking velocity Velocity of the projectile just before it impacts the target. 

Yaw  Attitude of projectile in the horizontal direction.  
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   M MIDDIONE   R MUSANTE 
   R RAJAGOPAL  D SCHADE 
  PO BOX 367 
  SANTA CLARA CA 95103 
 
 3 UNITED DEFENSE LP 
  ATTN E BRADY   R JENKINS 
   J JOHNSON 
  PO BOX 15512 
  YORK PA 17405-1512 
 
 1 ZERNOW TECH SVCS INC 
  ATTN L ZERNOW 
  425 W BONITA AVE   STE 208 
  SAN DIMAS CA 91773 
 
  ABERDEEN PROVING GROUND 
 
 1 DIRECTOR 
  US ARMY RSCH LABORATORY 
  ATTN  AMSRD ARL CI OK  (TECH LIB) 
  BLDG 4600  
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NO. OF 
COPIES ORGANIZATION 
 
 1 DIR USA EBCC 
  ATTN  SCBRD RT 
  5183 BLACKHAWK RD 
  APG EA MD 21010-5424 
 
 1 CDR USA SBCCOM 
  ATTN AMSCB CII 
  5183 BLACKHAWK RD 
  APG EA MD 21010-5424 
 
 2 DIR USAMSAA 
  ATTN AMXSY D 
   AMXSY MP   H COHEN 
  BLDG 392 
 
 3 CDR USATEC 
  ATTN STEAC LI LV  E SANDERSON  
   M SIMON (2 CYS) 
  BLDG 400 
 
 2 DIR USARL 
  ATTN AMSRL WM  T WRIGHT 
   AMSRL WM M   J BEATTY 
  BLDG 4600 
 
 1 DIR USARL 
  ATTN AMSRL WM MB  D SNOHA 
  BLDG 4600 
 
 1 DIR USARL 
  ATTN AMSRL WM MC  
   R SQUILLACIOTI 
  BLDG 4600 
 
 16 DIR USARL 
  ATTN AMSRL WM MD   W ROY 
   J MONTGOMERY (15 CYS) 
  BLDG 4600 
 
 1 DIR USARL 
  ATTN AMSRL WM T  B BURNS 
  BLDG 4600 
 
 27 DIR USARL 
  ATTN AMSRL WM TA  W BRUCHEY 
   M BURKINS (15 CYS) 
   W GILLICH  W GOOCH (2 CYS) 
   T HAVEL   D HACKBARTH 
   E HORWATH   D KLEPONIS 
   M NORMANDIA   J RUNYEON 
   M ZOLTOSKI   N RUPERT 
  BLDG 393 
 
 
 

NO. OF 
COPIES ORGANIZATION 
 
 8 DIR USARL 
  ATTN AMSRL WM TC  K KIMSEY 
   L MAGNESS  D SCHEFFLER 
   G SILSBY  R SUMMERS 
   W WALTERS  T FARRAND 
   A GUPTA 
  BLDG 309 
 
 9 DIR USARL 
  ATTN AMSRL WM TD   Y HUANG 
   H MEYER  D DANDEKAR 
   M RAFTENBERG  E RAPACKI 
   M SCHEIDLER  S SCHOENFELD 
   S SEGLETES  T WEERASOORIYA 
  BLDG 4600 
 
 1 DIR USARL 
  ATTN AMSRL WM TE  T NIILER 
  BLDG 120 
 
 1 DIR USARL 
  ATTN AMSRL SL BB  A DIETRICH 
  BLDG 328 
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NO. OF 
COPIES ORGANIZATION 
 
  FOREIGN ADDRESSES 
 
 1 EMBASSY OF AUSTRALIA 
  COUNSELLOR DEFENCE SCIENCE 
  1601 MASSACHUSETTS AVE NW 
  WASHINGTON DC 20036-2273 
 
 3 AERONAUTICAL & MARITIME RSCH LAB 
  N MURMAN  S CIMPOERU  D PAUL 
  PO BOX 4331 
  MELBOURNE VIC 3001 
  AUSTRALIA 
 
 1 ARMSCOR 
  L DU PLESSIS 
  PRIVATE BAG X337 
  PRETORIA 0001 
  SOUTH AFRICA 
 
 1 BATTELLE INGENIEURTECHNICK GMBH 
  W FUCKE 
  DUESSELDORFFER STR 9 
  D 65760 ESCHBORN 
  GERMANY 
 
 1 DEFENCE RSCH AGENCY 
  FORT HALSTEAD SEVEN OAKS 
  KENT TN14 7BP 
  UNITED KINGDOM 
 
 1 CARLOS III UNIV OF MADRID 
  C NAVARRO 
  ESCUELA POLTEENICA SUPERIOR 
  C/. BUTARQUE 15 
  28911 LEGANES MADRID 
  SPAIN 
 
 1 CELIUS MATERIAL TEKNIK 
  KARLSKOGA AB 
  L HELLNER 
  S 691 80 KARLSKOGA 
  SWEDEN 
 
 3 CENTRE D’ETUDES GRAMAT 
  J CAGNOUX   C GALLIC 
  J TRANCHET 
  GRAMAT 46500 
  FRANCE 
 
 1 MINISTRY OF DEFENCE 
  DGA DSP STTC  G BRAULT 
  4 RUE DE LA PORTE D’ISSY 
  00460 ARMEES 
  F 75015 PARIS 
  FRANCE 

NO. OF 
COPIES ORGANIZATION 
 
 1 CONDAT 
  J KIERMEIR 
  MAXILLANSTR 28 
  8069 SCHEYERN FERNHAG 
  GERMANY 
 
 2 DEFENCE PROCUREMENT AGCY 
  G LAUBE   W ODERMATT 
  BALLISTICS WPNS & COMBAT 
  VEHICLE TEST CTR 
  CH 3602 THUN 
  SWITZERLAND 
 
 2 TDW 
  M HELD 
  POSTFACH 1340 
  D 86523 SCHROBENHAUSEN 
  GERMANY 
 
 6 DEFENSE RSCH AGENCY 
  W CARSON   I CROUCH   C FREW 
  T HAWKINS   B JAMES   B SHRUSBSALL 
  CHOBHAM LANE 
  CHERTEY SURREY KT16 OEE 
  UNITED KINGDOM 
 
 1 DEFENCE RSCH ESTAB SUFFIELD 
  C WEICKERT 
  BOX 4000 
  MEDICINE HAT ALBERTA TIA 8K6 
  CANADA 
 
 1 DEFENCE RSCH ESTAB  
  VALCARTIER ARMAMENTS DIV 
  R DELAGRAVE 
  2459 PIE X1 BLVD N 
  PO BOX 8800 
  CORCELETTE QUEBEC GOA 1RO 
  CANADA 
 
 2 DEUTSCH FRANZOSISCHES 
  FORSCHUNGSINSTITUT ST LOUIS 
  H ERNST   H LERR 
  CEDEX 5 RUE DU  
  GENERAL CASSAGNOU 
  F 68301 SAINT LOUIS 
  FRANCE 
 
 1 DIEHL GMBH AND CO 
  M SCHILDKNECHT 
  FISCHBACHSTRASSE 16 
  D 90552 ROTBENBACH AD 
  PEGNITZ 
  GERMANY 
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NO. OF 
COPIES ORGANIZATION 
 
 1 DYNAMEC RSCH AB 
  A PERSSON 
  PO BOX 201 
  S 151 23 SODERTALJE 
  SWEDEN 
 
 2 ETBS DSTI 
  P BARNIER   M SALLES 
  ROUTE DE GUERAY 
  BOITE POSTALE 712 
  18015 BOURGES CEDEX 
  FRANCE 
 
 1 FEDERAL MINISTRY OF DEFENCE 
  DIR OF EQPT & TECH LAND 
  RUV 2 
  D HAUG 
  POSTFACH 1328 
  53003 BONN 
  GERMANY 
 
 4 FRANHOFER INSTITUT FUR 
  KURZZEITDYNAMIK 
  ERNST MACH INSTITUT 
  V HOHLER   E STRASSBURGER 
  R THAM   K THOMA 
  ECKERSTRASSE 4 
  D 79 104 FREIBURG 
  GERMANY 
 
 1 MINISTRY OF DEFENCE 
  DGA/SPART 
  C CANNAVO 
  10 PLACE GEORGES CLEMENCEAU 
  BP19 
  F 92211 SAINT CLOUD CEDEX 
  FRANCE 
 
 2 HIGH ENERGY DENSITY RSCH CTR 
  V FORTOV   G KANEL 
  IZHORSKAY STR 13/19 
  MOSCOW 127412 
  RUSSIAN REPUBLIC 
 
 1 INGENIEURBURO DEISENROTH 
  F DEISENROTH 
  AUF DE HARDT 33 35 
  D 5204 LOHMAR 1 
  GERMANY 
 
 1 INST OF CHEMICAL PHYSICS 
  S RAZORENOV 
  142432 CHERNOGOLOVKA 
  MOSCOW REGION 
  RUSSIAN REPUBLIC 

NO. OF 
COPIES ORGANIZATION 
 
 7 INST FOR PROBLEMS IN MATERIALS SCI 
  S FIRSTOV   B GALANOV    O GRIGORIEV 
  V KARTUZOV   V KOVTUN   Y MILMAN 
  V TREFILOV 
  3 KRHYZHANOVSKY STR 
  252142 KIEV 142  
  UKRAINE 
 
 1 INST FOR PROBLEMS 
  OF STRENGTH 
  G STEPANOV 
  TIMIRY AZEVSKAYA STR 2 
  252014 KIEV 
  UKRAINE 
 
 3 INST OF MECH ENGR PROBLEMS 
  V BULATOV   D INDEITSEV 
  Y MESCHERYAKOV 
  BOLSHOY 61 VO 
  ST PETERSBURG 199178 
  RUSSIAN REPUBLIC 
 
 2 IOFFE PHYSICO TECH INST 
  E DROBYSHEVSKI   A KOZHUSHKO 
  ST PETERSBURG 194021 
  RUSSIAN REPUBLIC 
 
 1 K&W THUN 
  W LANZ 
  ALLMENDSSTRASSE 86 
  CH 3602 THUN 
  SWITZERLAND 
 
 1 R OGORKIEWICZ 
  18 TEMPLE SHEEN 
  LONDON SW 14 7RP 
  UNITED KINGDOM 
 
 1 MAX PLANCK INSTITUT FUR 
  EISENFORSCHUNG GMBH 
  C DERDER 
  MAX PLANCK STRASSE 1 
  40237 DUSSELDORF 
  GERMANY 
 
 2 NATL DEFENCE HDQRTRS 
  PMO MRCV  MAJ PACEY 
  PMO LAV A HODAK 
  OTTOWA ONTARIO KIA OK2 
  CANADA 
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NO. OF 
COPIES ORGANIZATION 
 
 1 OTO BREDA 
  M GUALCO 
  VIA VALDIOCCHI 15 
  I 19136 LA SPEZIA 
  ITALY 
 
 5 RAPHAEL BALLISTICS CTR 
  M MAYSELESS   Y PARTOM 
  G ROSENBERG   Z ROSENBERG 
  Y YESHURUN 
  BOX 2250 
  HAIFA 31021 
  ISRAEL 
 
 1 ROYAL MILITARY ACADEMY 
  E CELENS 
  RENAISSANCE AVE 30 
  B 1040 BRUSSELS 
  BELGIUM 
 
 1 ROYAL NETHERLANDS ARMY 
  J HOENEVELD 
  V D BURCHLAAN 31 
  PO BOX 90822 
  2509 LS THE HAGUE 
  NETHERLANDS 
 
 1 DEFENCE MATERIEL ADMIN 
  WEAPONS DIRECTORATE 
  A BERG 
  S 11588 STOCKHOLM 
  SWEDEN 
 
 2 SWEDISH DEFENCE RSCH ESTAB 
  DIVISION OF MATERIALS 
  S J SAVAGE   J ERIKSON 
  S 172 90 STOCKHOLM 
  SWEDEN 
 
 3 SWEDISH DEFENCE RSCH ESTAB 
  L HOLMBERG   B JANZON 
  P LUNDBERG 
  BOX 551 
  S 147 25 TUMBA 
  SWEDEN 
 
 1 TECHNION INST OF TECH 
  FACULTY OF MECH ENGINEERING 
  S BODNER 
  TECHNION CITY 
  HAIFA 32000 
  ISRAEL 
 
 
 

NO. OF 
COPIES ORGANIZATION 
 
 3 TECHNISCHE UNIVERSITAT 
  CHEMNITZ ZWICKAU 
  A SCHROEDTER   L KRUEGER 
  L MEYER 
  POSTFACH 
  D 09107 CHEMINITZ 
  GERMANY 
 
 2 TNO PRINS MAURITS LAB 
  H PESKES   R IJSSELSTEIN 
  LANGE KLEIWEG 137 
  PO BOX 45 
  2280 AA RIJSWIJK 
  THE NETHERLANDS 
 
 6 CENTRE DE RECHERCHES 
  ET D’ETUDES  D’ARCUEIL 
  D BOUVART    C COTTENNOT 
  S JONNEAUX   H ORSINI 
  S SERROR       F TARDIVAL 
  16 BIS AVENUE PRIEUR DE 
  LA COTE  D’OR 
  F 94114 ARCUEIL CEDEX 
  FRANCE 
 
 1 CDR EUROPEAN RSCH OFFICE 
  USARDSG (UK) 
  S SAMPATH 
  PSC 802 BOX 15 
  FPO AE 09499-1500 
 
 
 
 


